A B S T R A C T Levels of cyelic AMP (cAMP) (but not cyclic GNMP) in suspensionis of human polymorphonuclear leukocytes (PMN) increased promptly after exposuire of the cells to stimuli such as the chemotactic peptidle N-formvyl methioniyl leucyl phenylalanine, the immnune complex bovine serumll albumtini/anti-bovine serumii albuumin and calciumn ionophore A23187. cANIP inereased rapidly, reaching a maximnum of twice the basal level 10-45 s after stimulation; after 2-5 min the amount of cAMP had subsided to basal levels. Elevations in cANMP levels wvere concurrent with, or followed, membrane hyperpolarization (measured by uptake of the lipophilic cation triphenylmethyl phosphonium) an(d alwvays preceded lysosomal enzyme release and superoxide anion (0'7) production. Elevated cAMP levels couldl be uncoupled from these later events by removal of extracellular divalent cations, replacement of extracellular Na+ with K+ 
cyclic GNMP) in suspensionis of human polymorphonuclear leukocytes (PMN) increased promptly after exposuire of the cells to stimuli such as the chemotactic peptidle N-formvyl methioniyl leucyl phenylalanine, the immnune complex bovine serumll albumtini/anti-bovine serumii albuumin and calciumn ionophore A23187. cANIP inereased rapidly, reaching a maximnum of twice the basal level 10-45 s after stimulation; after 2-5 min the amount of cAMP had subsided to basal levels. Elevations in cANMP levels wvere concurrent with, or followed, membrane hyperpolarization (measured by uptake of the lipophilic cation triphenylmethyl phosphonium) an(d alwvays preceded lysosomal enzyme release and superoxide anion (0'7) production. Elevated cAMP levels couldl be uncoupled from these later events by removal of extracellular divalent cations, replacement of extracellular Na+ with K+ (1) : hyperpolarization was observed within 10 s. A distinct stimulus-dependent lag period of 20-60 s elapsed before the initiation of°2 generation (1, 2) . We have also reported that the initial kinetics of lysosomal enzyme release could be timed and showed that degranulation took place after a lag period of 20-60 s (3). These lag periods were also stimulusdependent and were similar in duration to those seen for 2 generation.
A number of investigators have reported that human PMN have unchanged levels of cyclic AMP (cAMP) after exposure to phagocytic stimuli for several minutes (4) (5) (6) (7) (8) ; elevated levels of cyclic GMP have been reported by one group (9) (10) (11) . In contrast to these findings, Herlin et al. (12) showed the exposure of PMN I Abbreviations used in this paper: BSA/anti-BSA, an immune complex of bovine serum albumin and anti-bovine serum albumin; cAMP, cyclic AMP; cGMP, cyclic GMP; FMLP, N-formyl methionyl leucyl phenylalanine; PiCM, phosphate-buffered saline containing Ca++ and Mg"+; PMN, polymorphonuclear leukocytes.
to latex particles provoked a rapid twofold increase in cAMP levels. This increment was prompt (maximal withini 15 s) and brief. The f£act that basal cANIP levels were restored within 1-2 min explained why previous investigators, who had assayed the cell suspensions after 2-5 min, were unable to detect this response. Herlin et al. suggested that the brief increment in cAMP P might have a regulatory role in glycogen metabolism (12, 13) .
Since the reported increment in cAMP levels appeared to coincide with membrane hyperpolarization and to precede lysosomal enzyme release and 02 generation, we decided to investigate the possibility that cAMP was a clmediator of these other events. In summary, we found that prompt, brief elevations in cAMP levels were concurrent with or followed memnbrane hyperpolarizationi, depending upon the stimulus employed. These cAMP increments always preceded the onset of lysosomal enzyme release and O°generation and could be uncoupled from these later events by several methods; therefore, it seems unlikely that cAMP is an import-ant mediator of stimltulus-secretion coupling. (4) (5) (6) (7) (8) , more recent work has indicated that significant changes do take place at short time intervals (12) . Consequently, we determined whether such transient changes correlated with other early cellular responses to surface stimuli. These responses included membrane hyperpolarization, lysosomal enzyme release, and superoxide anion (02) generation.
Purified resting PMN had cAMP levels of 6.7±+1.8 pmol/107 cells (n = 44) when measured by an acetylated radioimmunoassay. cGMP levels were found to be 0.32 ±0.12 pmol/107 cells (n = 16). Boiling of cell suspensions was used to ensure prompt termination of biochemical processes; this boiling did not produce any artifactual increases in cAMP levels (17) . The extraction procedure was efficient, since recoveries of trace quantities of tritiated cyclic nucleotides averaged 100 ±+11%(n = 11)forcAMPand98±8%(n = 7)forcGMP.
When suspensions of PMN were exposed to the chemotactic peptide FMLP (0.1 ,tM), a very rapid increase in cAMP levels was observed (Fig. 1) Aliquots of a suspension of purified PMN were taken at the indicated times after exposure to FMLP (100 nM). These samples were immediately extracted by heating at 100°C and then assayed for cAMP contents as detailed in Methods. The zero-time sample was extracted before addition of the stimulus; an appropriate amount of FMLP was added to it during the extraction process. cGMP was determined in an identical fashion. The results shown are from a single typical experiment. The average peak increment in cAMP content was 78 +38% (SD) above basal levels (n = 17).
2.0h increase, measured at 10 or 15 s, was 78±38% (SD) (n = 17) above the basal levels. cAMP content declined rapidly thereafter and approached base line at 1-2 min, a process which was complete by 5 min (not shown). The cAMP levels of unstimulated cells did not change during the course of the experiment. Cytochalasin B (5 ,ug/ml) did not affect the time-course or the peak level observed (102+23% (n = 4) above the basal level). No changes in cGMP levels were observed during this time period with FMLP or with any other stimulus.
Relationship between cyclic nucleotide changes and other PMN responses. The data from Fig. 1 were plotted along with other early responses of PMN to place them all within a common temporal framework (Fig. 2) . Stimulation with FMLP provoked a rapid increase in membrane potential (Aifi), as measured by enhanced cellular uptake of the lipophilic tritiated triphenylmethyl phosphonium cation. Initiation of hyperpolarization, which was virtually immediate for all stimuli, was concurrent with the rapid increasein cAMP levels. However, both of these prompt responses clearly preceded the onset of 02 generation, which had a lag period of -20 s when monitored continuously (1) (2) (3) . Release of /-glucuronidase, an enzyme found predominantly in azurophil granules, was assayed by means of a semicontinuous flow dialysis system described previously (3). Like°2 generation, release of /3-glucuronidase also had a lag period of -20 s. Thus, the increases in cAMP levels Elevated Cyclic AMP Levels in Polymorphonuclear Leukocytes
When an immune complex consisting of bovine serum albumin and anti-bovine serum albumin (BSA/ anti-BSA) was used as the stimulus, membrane hyperpolarization again appeared immediately (Fig. 3) . Both lysosomal enzyme release and°2 generation were initiated after distinct lag periods of -40 s. Unlike the case with FMLP, the increment in cAMP level induced by an optimum secretory concentration of BSA/anti-BSA (150 ug/rml) had a lag period. The length of this lag period was variable but it was always distinct.-For the case shown in Fig. 3 , the lag period for the increase in cAMP relative to membrane hyperpolarization (LcAMP) was 35 s. Thus, since hyperpolarization preceded elevation of cAMP content, changes in cAMP levels are unlikely to be the cause of changes in membrane potential for this stimulus.
The calcium ionophore A23187 (10,uM, the optimum secretory concentration) did not provoke rapid changes in membrane potential (Fig. 4) , perhaps because induced calcium fluxes bypassed the need for the usual cell surface receptor-ligand interactions which indirectly lead to hyperpolarization. Nonetheless, lysosomal enzyme release and°2 generation were both elicited after relatively long lag periods. Increments in cAMP shown are from a single typical experiment. The average peak increment in cAMP induced by A23187 was 67+18% (SD) above basal levels (n = 3).
were also observed, again with relatively long lag periods.
Effects of mononuclear cells and platelets. Elevations of cAMP levels were not due to the presence of contaminating mononuclear cells. Isolated mononuclear cells, which contain substantial amounts of cAMP and accumulate more cyclic nucleotide in response to some stimuli (4), were exposed to FMLP, BSA/anti-BSA, and A23187. A quantity of these mononuclear cells equivalent to twice the normal level of contamination was stimulated and extracted along with the usual number of unstimulated PMN. No systematic increases in cAMP were observed (Fig. 5 ) when mononuclear cells were exposed to these stimuli. PMN, which were obtained from the same blood sample from which the mononuclear cells were isolated, responded fully to FMLP (upper line). Similar experiments indicated that platelets at concentrations up to twofold the normal level of contamination could not account for the observed increases in cAMP (data not shown).
All other stimuli tested were capable of provoking increments of cAMP (but not cGMP) together with lysosomal enzyme release and 02 generation. Zymosan-activated serum (10%) induced a large immediate increase in cAMP levels, which was virtually identical to that seen for FMLP (data not shown). The lectin concanavalin A produced a weak response with a lag period comparable to that of A23187. Opsonized zymosan particles produced the smallest increments in cAMP content (only 20+14% above basal levels, n = 3); lag periods were also observed with this stimulus. the observed increases in cAMP levels were concurrent with, or followed, membrane hyperpolarization and were thus unlikely to be the cause of this earlier event. While the possibility remained that the early membrane hyperpolarization could be the cause of cAMP changes, the results of experiments in which A23187 was the stimulus (Fig. 4) indicated that changes in membrane potential were not necessary for any of the later responses.
The following experiments showed that the stimulusdependent increments in cAMP levels could be similarly uncoupled from the two subsequent responses. The presence of EGTA effectively blocks lysosomal enzyme release and°2 production. Yet the removal of divalent cations did not affect the hyperpolarization response (1), nor did it affect the stimulated increase in cAMP levels (Fig. 6) ; the time course and peak amplitudes of the responses were similar in the presence or absence of EGTA. Replacement of Na+ in the medium with either K+ or choline+ inhibited lysosomal enzyme release, 0 production, and membrane hyperpolarization,2 but did not substantially affect the increment in cAMP (Fig. 7) . Finally, by use of appropriate concentrations of FMLP, it was possible to obtain a large increase in cAMP levels without attendant lysosomal FIGURE 6 Effect of EGTA on cAMP response to FMLP. A sample of PMN was prepared and divided into two lots. The first lot was washed in phosphate-buffered saline (without divalent cations); EGTA was then added to a concentration of 1 mM. The other lot was washed and otherwise prepared normally in PiCM (control). The EGTA-treated and control cells were exposed to FMLP (100 nM) and cAMP was determined as described in the legend to Fig. 1 (Fig. 8) . Approximately 100 nM FMLP was required to provoke optimal enzyme release or°2 production; both of these later responses were almost undetectable when 1 nM FMLP was employed. However, a large increment of cAMP (observed 10 s after stimulation) was induced by 1-100 nM FMLP; at 1 nM, the increment ofcAMP was normal, while virtually no lysosomal enzyme release or°2 generation was found. A substantial increase in cAMP level was obtained using as little as 0.1 nM FMLP. FIGuRE 7 Effect of Na+-free media on cAMP response to FMLP. PMN designated K+ were prepared and washed in 155 mM KC1, 1.3 mM CaC12, 1.2 mM MgCl2, and 10 mM Hepes-HCI, pH 7.4. Cells designated "choline" were washed in an identical medium except that choline chloride replaced KC1. Both lots of cells were exposed to FMLP (100 nM)) and cAMP was determined as outlined in the legend to Fig. 1 and Methods. The results shown are from a single typical experiment. The average peak increment in cAMP induced by FMLP was 52+23% (SD) in the presence of choline (n = 3) and 48+16% in the presence of K+ (n = 3).
Elevated Cyclic AMP Levels in Polymorphonuclear Leukocytes (19) . The resuilts shown are from a single typical experiment. The average peak increments in cAMP (ahove basal levels) induced hy FMLP were 78+38% (SD) (n 17) at 100 nM, 72±40% (n = 3) at 10 nM, and 63±37% (i = 4) at 1 nMI. Uncertainties in°2 generation and lysosomal enzyme release are typically ±5%.
Thu.s, a cAMP increment at 10 s is not a suifficient prerequiisite for subseqtuent lysosomnal enzyme release and O°generation.
Exposuire of PMN to PGE1 or PGI2 occasionally produced both modest increases in celltular cAMP levels and inhibition of lysosomal enzyme release. This dayto-day and subject-to-subject variability was rectified by rolitine preincubatioin of the cells with theophylline for 5 min at 370C. Theophylline itself (0.1-2 mnl) had little or no effect upon the customary increment in cAMP in response to FMLP; average peak levels were 109±71% (SD) above basal levels (ii = 3). Fig. 9 shows that wheni PMN pretreated with 0.5 mM1 theophvlline were exposed to PGEI, cAMP levels increasedl two-to threefold over the span of4 lvsosomal enzyme release without any similar redluction of either base-line or peak FMLP-induced cAMP levels (data not shown); this indicates that inhibition of degranulation is not strictly determined by the level of cAMP induced by the PG or bv the peak level provokedl by stubsequent stimlllliationi.
DISCUSSION
Increases in the cAMP levels of humnan PMN provoked l)v surface stimtulation have not been regularly observed previously. Table I shows a list of selected references, the first five of which reported no changes in cAMP. This is easily attributable to the fact that these investigators measured cyclic nucleotide levels 2 min or more after stimulation, by which time the increments in cAMP had already subsided (12; this work). The increment observed by Manganiello et al. (4) was attributed to contaminating mononuclear cells; the small number of these cells present in purified PMN preparations were not responsible for the increments reported in this study (Fig. 5) . We did not observe the increases in cGMP which Ignarro and his co-workers have reported (9) (10) (11) 20) . We found that prompt increments in cAMP levels were provoked by each stimulus employed. These increments are unlikely to be associated with the microtubule assembly which generally accompanies stimulation, since microtubule disassembly has been suggested as mechanism for elevating cAMP levels (21) (Fig.  6 ), (b) in the absence of extracellular Na+ (Fig. 7) , and (c) when low concentrations of FMLP (1 nM) were used (Fig. 8) . These data showed that an inerement in cAMP is not a sufficient condition for secretion and O°generation. That elevation of cAMP content is not necessary for these events is suggested (but not proven) by the fact that serum-treated zymosan produces little or no change in cyclic nucleotide levels. The finding that the absence of Ca++ and Na+ have little or no effect upon the stimulated increment in cAMP is also noteworthy, in view of the important roles these cations play in stimulation of PMN. Degranulation of rabbit PMN is impaired by the absence of both Na+ (22) and Ca++ (23) , and enhanced influxes of both cations take place after stimulation (24) .
Increments in cAMP and the hyperpolarization response were clearly uncoupled when A23187 was used as the stimulus (Fig. 4) . This suggests that some process other than membrane hyperpolarization, such as an increase in intracellular Ca++ (achieved either by stimulated Ca++ influx or by mobilization of intracellular Ca++ stores), is responsible for elevated cAMP contents.
It is well known that exogenous cAMP or agents that elevate intracellular levels of cAMP inhibit lysosomal enzyme release (25) . Indeed, it seems paradoxical that stimulated cells have elevated cAMP levels at just the moment when lysosomal enzyme release and O°genera-tion is initiated. We would suggest that a mere doubling of cAMP levels is innocuous insofar as these later events are concerned. A "threshold" somewhere above this doubled level of cAMP would have to be reached before secretion is inhibited. The increment of cAMP could be either an accidental or vestigial response to surface stimulation or could have some other metabolic significance (13) . Consistent with this explanation, it should be noted that the elevation in cAMP seen in PG-treated cells (Figs. 9 and 10 ), though often considered the mechanism by which these agents inhibit secretion, is not much greater than that obtained with stimuli such as FMLP alone. It is far more likely that the large increments of cAMP obtained when PG-treated cells are subsequently exposed to stimulation (Figs. 9 Elevated Cyclic AMP Levels in Polymorphonuclear Leukocytes and 10), a phenomenon also reported by Zurier et al. (25) , are responsible (either directly or indirectly) for inhibition of granule discharge and°2 generation. Thus, cells pretreated with PG are "primed," such that stimuli evoke large amounts of cAMP and ironically contribute to inhibition of secretion. One possible explanation for this phenomenon is that the decrease in membrane microviscosity which accompanies surface stimulation (26) permits a closer coupling of PG receptors and adenyl cyclase, in a manner similar to that suggested by Hirata et al. (27) ; stimulation of PG-treated PMN would thus lead to greatly enhanced production of cAMP. While this is an explanation consistent with our data, it should be remembered that we do not know what effect a doubling ofcAMP levels per se has on secretion. We do not know if the intracellular/extracellular distribution of cAMP is identical with PGE1 and FMLP stimulated PMN. Furthermore, the fact that lower levels of prostaglandins produce correspondingly less inhibition of lysosomal enzyme release, while giving rise to identical increments in cAMP levels, indicates that these agents have some inhibitory effects other than the mere elevation of cAMP. Investigations into the mechanisms and significance of this phenomenon are continuing.
